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Sorgoleone, produced in root hair cells of sorghum (Sorghum
bicolor), is likely responsible for much of the allelopathic prop-
erties of sorghum root exudates against broadleaf and grass
weeds. Previous studies suggest that the biosynthetic pathway of
this compound initiates with the synthesis of an unusual 16:3
fatty acid possessing a terminal double bond. The correspond-
ing fatty acyl-CoA serves as a starter unit for polyketide syn-
thases, resulting in the formation of 5-pentadecatrienyl resor-
cinol. This resorcinolic intermediate is then methylated by an
S-adenosylmethionine-dependent O-methyltransferase and
subsequently dihydroxylated, yielding the reduced (hydroqui-
none) form of sorgoleone. To characterize the corresponding
enzymes responsible for the biosynthesis of the 16:3 fatty acyl-
CoA precursor, we identified and cloned three putative fatty
acid desaturases, designated SbDES1, SbDES2, and SbDES3,
from an expressed sequence tag (EST) data base prepared from
isolated root hairs. Quantitative real-time RT-PCR analyses
revealed that these three genes were preferentially expressed in
sorghum root hairs where the 16:2 and 16:3 fatty acids were
exclusively localized. Heterologous expression of the cDNAs in
Saccharomyces cerevisiae revealed that recombinant SbDES2
converted palmitoleic acid (16:1A°) to hexadecadienoic acid
(16:2A°12), and that recombinant SbDES3 was capable of con-
verting hexadecadienoic acid into hexadecatrienoic acid
(16:3A%1%15) Unlike other desaturases reported to date, the
double bond introduced by SbDES3 occurred between carbons
15 and 16 resulting in a terminal double bond aliphatic chain.
Collectively, the present results strongly suggest that these fatty
acid desaturases represent key enzymes involved in the biosyn-
thesis of the allelochemical sorgoleone.

Numerous plant species produce phytotoxic secondary
metabolites, some of which may play a direct role in allelopathic
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interactions (1, 2). These interactions often represent a form of
chemical warfare occurring between neighboring plants com-
peting for limited light, water, and nutrient resources (2, 3).
Several Sorghum species have been reported to produce phyto-
toxins, which are exuded from their root systems into the rhi-
zosphere, which suppress the growth of competing species (4).
Numerous studies have contributed to the discovery and iden-
tification of the chemicals that are responsible for this observed
allelopathic inhibition. For example, studies on the biologi-
cally active components of both water-soluble and water-
insoluble exudates from roots of Sorghum bicolor have dem-
onstrated their role in the growth inhibition of lettuce
seedlings (Lactuca sativa), as well as a number of important
invasive weed species (5). The major constituent of these exu-
dates was identified as 2-hydroxy-5-methoxy-3-[(8'Z,11'Z)-
8',11',14'-pentadecatriene]-p-benzoquinone, referred to as
sorgoleone (Fig. 1) (6). Early reports on the phytotoxicity of
sorgoleone indicated that it is a strong inhibitor of CO,-de-
pendent oxygen evolution in plastids (7). Further studies on its
mode of action have documented additional effects on both
photosynthetic and mitochondrial electron transport (8 —11).
The herbicidal and allelopathic properties of sorgoleone
make the isolation and characterization of the corresponding
genes involved in sorgoleone biosynthesis highly desirable, as
manipulation of the pathway in sorghum, or genetic modifica-
tion of other plant species using these genes could provide
important insights into the underlying allelochemical interac-
tions involved (12). Sorgoleone biosynthesis is likely exclusive
to root hairs, which appear as cytoplasmically dense cells in
sorghum, containing large osmiophilic globules deposited
between the plasma lemma and cell wall, presumably associated
with sorgoleone rhizosecretion (13, 14). Labeling studies have
demonstrated that the biosynthesis of sorgoleone involves the
convergence of the fatty acid and polyketide pathways (15, 16),
likely through the action of a novel type III polyketide synthase
activity utilizing fatty acyl-CoA starter units, resulting in the
addition of a quinone head via iterative condensation of acetate
extender units. Subsequent modifications of the alkylresorcinol
intermediate are mediated by S-adenosylmethionine-depend-
ent O-methyltransferases and possibly P450 monooxygenases,
yielding the reduced form of sorgoleone (a hydroquinone).
Upon exudation, the less stable hydroquinone rapidly oxidizes
to the highly active benzoquinone form, which can persist in

VOLUME 282-NUMBER 7+FEBRUARY 16, 2007



Desaturase Involved in Formation of Terminal Double Bond

OH

CHy—
(@]
FIGURE 1. Chemical structure for sorgoleone.

soil for extended periods (11, 17, 18). A highly unusual charac-
teristic of the sorgoleone molecule is the presence of a terminal
double bond in the aliphatic side chain derived from a desatu-
rated 16:3 fatty acyl-CoA precursor. Although the biochemical
pathways involved in biosyntheses of many commonly occur-
ring polyunsaturated fatty acids (PUFAs) in plants have been
well characterized (19-21), to our knowledge, enzymes capable
of performing desaturation reactions producing a terminal
double bond have not previously been characterized in any
system.

In an attempt to isolate genes encoding fatty acid desaturases
involved in the sorgoleone biosynthetic pathway, we have uti-
lized an expressed sequence tag (EST)? data base containing
~5,500 sequences randomly selected from a cDNA library pre-
pared from purified S. bicolor (genotype BT X623) root hairs.*
In this report, we describe the cloning and functional charac-
terization of two fatty acid desaturases, designated SbDES2 and
SbDES3, which consecutively convert 16:1 fatty acid to 16:3
fatty acid having a terminal double bond, identified from min-
ing of the sorghum root hair EST data base.” Yeast cells over-
expressing the SbDES3 ¢cDNA were able to convert 16:3A%">
fatty acid substrate to its 16:3A%'>'® trienoic form, which is
considered to be the substrate used by polyketide synthases in
the sorgoleone biosynthetic pathway (15, 16). To our knowl-
edge, this is the first plant fatty acid desaturase described to date
exhibiting terminal desaturase activity. Furthermore, the tis-
sue-specific accumulation of SbDES2 and SbDES3 transcripts
correlates with the accumulation of 16:2 and 16:3 fatty acids in
root hairs (as determined by GC/MS), strongly suggesting the
participation of these enzymes in the sorgoleone biosynthetic
pathway.

EXPERIMENTAL PROCEDURES

Plant Material—Mature leaves, stems, and emerging
panicles were harvested from ~2-month-old, greenhouse-
grown Sorghum bicolor (cv. BT X623) plants. Immature leaves
and shoot apices were isolated from 8-day-old BT X623 seed-
lings maintained in a growth chamber at 28 °C, 16 h light/8 h
dark, 400 wmol/m®sec intensity. Total root systems and root
hairs were isolated from 8-day-old seedlings grown using a cap-

3 The abbreviations used are: EST, expressed sequence tag; GC, gas chromato-
graph; MS, mass spectrometry; FAME, fatty acid methyl esters; FAD, fatty
acid desaturase; NMR, nuclear magnetic resonance; RACE, rapid amplifica-
tion of cDNA ends; DMOX, 4,4-dimethyloxazoline; ORF, open reading
frame.

4S.R.Baerson, F. E. Franck E. Dayan, A. R. Agnes M. Rimando, N. P. D. Nanay-
akkara, C. Liu, J. Schréder, M. Fishbein, Z. Pan, I. A. Kagan, L. H. Pratt, M.
Cordonnier-Pratt, and S. O. Duke, submitted manuscript.

° Fatty acid nomenclature: X:Y indicates that the fatty acid contains X number
of carbon atoms and Y number of double bonds. A% indicates that a double
bond is located at zth carbon atom counting from the carboxyl group. No
designation for the configuration of double bond is used when the double
bond in the fatty acid is in cis configuration.
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illary mat system (14). All tissues were collected, then flash-
frozen in liquid nitrogen, and kept at —80 °C prior to extrac-
tion. Root hairs were isolated according to the method of
Bucher et al. (22).

RNA Isolation and Quantitive Real-Time RT-PCR—Total
RNAs for real-time PCR experiments shown in Fig. 3 were iso-
lated from 50 mg of flash-frozen, pulverized 10-day-old
BT X623 seedling tissues using an RNeasy Plant Mini-Kit (Qia-
gen, Valencia, CA). Quantitative real-time RT-PCR (QRT-
RTPCR) reactions were performed in triplicate using a
GenAmp® 5700 Sequence Detection System (Applied Biosys-
tems, Foster City, CA) as previously described (23).

Isolation of Sorghum cDNA Clones—To obtain full-length
c¢DNA clones, both 5'- and 3’ rapid amplification of cDNA ends
(RACE) was carried out using the BD SMART™ RACE ¢cDNA
Amplification Kit (BD Biosciences Clontech, Palo Alto, CA)
according to the manufacturer’s instructions. Primer sets for
5'- and 3’-RACE were 2A03: 5'-CCAAGGAGGTGAAGT-
GGCAG-3" and 5'-ATACTACCGGGAGCCACACAAG-3';
25B05: 5'-TCGCTGACGAAATGGTTGAC-3' and 5'-CCTC-
CTTGGCGTGTTCCTC-3';56D10: 5'-TGGACGATCACCT-
CAATCCTG-3" and 5'-CAACAAGTTCTAGCTGCTTGA-
TGC-3', respectively. Products of the RACE amplifications
were resolved on agarose gels, cloned into the pCR®4-TOPO
vector (Invitrogen, Carlsbad, CA), and then confirmed by
sequence analysis. Full-length cDNAs were then amplified with
primer pairs complementary to the 5'- and 3’-ends of ORFs
identified in RACE experiments, using Pfu thermostable DNA
polymerase (Stratagene, La Jolla, CA) and first-strand cDNA
generated from RNA extracted from sorghum root hairs. Sev-
eral independent isolates from each amplification were
sequenced to ensure the authenticity of the ORFs.

Phylogenetic Analysis—Amino acid sequences of putative
homology to fatty acid desaturases were retrieved from
GenBank™ using BLAST with standard default parameters.
A data set was assembled from 54 sequences, in addition to the
three sequences characterized here (SbDES 1-3). Sequences of
the chlorophyte, Chlorella vulgaris, were included to root the
phylogeny. Multiple sequence alignments were constructed
with ClustalX ver. 1.81 (24). Three parameter sets were inves-
tigated to assess sensitivity to gap costs: default (gap opening,
10.0; gap extension, 0.2), (10.0, 1.0), and (1.0, 1.0). The align-
ments differed somewhat in length (463, 464, and 482 residues,
respectively). Phylogenetic estimates were conducted sepa-
rately for each alignment. The neighbor-joining method (25) as
implemented in PAUP* ver. 4.0b10° was used with default
parameters, except that ties were broken randomly. Trees were
midpoint rooted and nodal support was estimated by the boot-
strap (27), employing 5000 pseudoreplicate data sets. Trees
estimated from the three alignments were extremely similar.
The second alignment, with a 10:1 ratio of gap opening to
extension penalties, was selected for further analysis. However,
all interpretations made here would be identical on trees esti-
mated from the other two alignments (not shown).

¢ D. Swofford (2001) PAUP* Phylogenetic Analysis Using Parsimony (¥, other
methods), Version 4, Sinauer Associates, Sunderland, MA.
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FIGURE 2. Fatty acid profiles of different sorghum tissues. A, gas chromatograms of FAMEs prepared from immature leaves, mature leaves, mature stems,
total root systems, shoot apices, and panicles; B, gas chromatogram of FAMEs prepared from root hair cells, showing the presence of 16:2 and 16:3 fatty acids
(FAMESs of authentic standards shown above); C, corresponding mass spectrum for 16:2A%'2 fatty acid identified in root hairs; D, corresponding mass spectrum

for 16:3A%'21> fatty acid identified in root hairs.

Plasmid Construction for Heterologous Expression in S.
cerevisiae—For heterologous expression in yeast, ORFs were
cloned as HindIII/Xhol fragments 3’ to the galactose-inducible
GAL1 promoter in pYES2 (Invitrogen), yielding the plasmids
pYE25B (for SbDES1 overexpression), pYE56D (for SbDES2
overexpression), and pYE2A (for SbDES3 overexpression). All
three constructs were then transformed into yeast strain
INVSc1 using the lithium acetate method (28).

To construct additional vectors for co-expression of two
OREFs in yeast, the galactose-inducible promoter::SbDES3 (or
SbDES]I)::terminator expression cassettes were subcloned into
the yeast shuttle vector pRS423 containing a his+ marker (29).
To achieve this, expression cassettes were amplified from
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pYE2A and pYE25B using the PCR primers Lgal (5'-gggcgc-
gccACGGATTAGAAGCCGCCGAG-3') and Rcyc (5'-ggg-
cgcGCCGCAAATTAAAGCCTTCGA-3'), cloned into the
pCR®4-TOPO vector (Invitrogen) and confirmed by DNA
sequence analyses. The expression cassettes were then excised
using BssHII (for SbDES3) or Ascl (for SbDES]I), gel-purified,
and subcloned into BssHII or Ascl-digested pRS423, yielding
pRS2A (containing SbDES3) and pRS25B (containing SbDESI).
These plasmids were then transformed into the yeast strain
INVSc1 harboring pYE56D as described above. All yeast trans-
formants were confirmed by colony-PCR using gene specific
primers, and by further restriction analyses performed using
isolated plasmid preparations.

VOLUME 282-NUMBER 7+FEBRUARY 16, 2007
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Culture Conditions and Recombinant Protein Expression—
Transformed yeast cells were grown in synthetic medium (SC-
Ura) containing 2% (w/v) glucose as carbon source and 0.67%
(w/v) yeast nitrogen base without amino acids. In the case of
co-expression, transformed yeast cells were grown in similar
media lacking histidine (SC-UH) for the selection of pRS423.
Induction of recombinant protein expression was performed as
described by Dyer et al. (30): briefly, overnight cultures were
pelleted by centrifugation, and resuspended in induction
medium (2% (w/v) galactose, 0.67% (w/v) yeast nitrogen base
without amino acids, and 0.1% (v/v) tergitol Nonidet P-40
(Sigma). The cells then were diluted in 20 ml of same medium to

100000 - O SbDEST
10000 m SbDES2
1000 m SbDES3

100
10
1

Relative Expression

FIGURE 3. Expression of different FAD-like ESTs in sorghum. Relative
expression levels of 3 FAD-like sequences were determined in different sor-
ghum tissues by quantitative real-time RT-PCR, using gene-specific primers.
Data were normalized to an internal control (18 S rRNA), and the AAC;
method was used to obtain the relative expression levels for each sequence.
Data are expressed as mean = S.D.

obtain an A, of 0.4. Exogenous free fatty acids (Sigma), when
included, were added to the diluted cells at a final concentration
of 0.1% (v/v). Yeast cell lines, including empty vector controls,
were induced at 20 °C for 48 h prior to harvest, both in the
absence or presence of exogenous fatty acids added to cultures
at a final concentration of 0.1% (v/v): palmitic acid, palmitoleic
acid, oleic acid, linoleic acid, y-linolenic acid, and «-linolenic acid
(Sigma). For SbDES2 and SbDES3 co-expression experiments,
yeast cultures were maintained at 30 °C to obtain optimal yields of
the 16:3A%'>' product (Fig. 6, C and F; Table 1).

Fatty Acid Analyses—Cellular fatty acids from yeast and
plant tissues were extracted according to the method of Peyou-
Ndi et al. (31). Fatty acids were analyzed as methyl ester deriv-
atives on an Agilent 6980GC (Agilent Technologies, Foster
City, CA) coupled to a JEOL GCMate II mass spectrometer
(JEOL USA, Inc., Peabody, MA) using an Omegawax 250™
(Supelco, St. Louis, MO) capillary column, 30 m X 0.25 mm X
0.25 wm film thickness. The fatty acids were identified by com-
parison of their retention times and mass spectra with those of
authentic standards (Sigma). The inlet (splitless), GC interface,
and ion chamber temperatures were 250, 250, and 230 °C,
respectively. The volume of sample injected was 1 ul. The GC
temperature program for analysis of the hexane extracts, with
the exception of the root hair sample, was initial 110 °C held for
5 min, raised to 160 °C at a rate of 10 °C/min, raised to 190 °C at
the rate of 1 °C/min, raised to 280 °C at the rate of 2 °C/min and
held at this temperature for 2 min. The carrier gas was ultra
high purity helium, flow rate 1 ml/min. The root hair hexane
extract was analyzed using the following temperature program:
initial 80 °C held for 3 min, raised to 170 °C at the rate of 10 °C/

SbDES 1 MATTP EEAVAKAREDDKSRFDAGKPPFRIGDVRAAVPEHCWKSPWRSLYVVRDVA‘ 79
SbDES3 - ---- 2 ENT D 583 EEAVAKAREDDKSRQVDFDAGKPPFRIGDVRAAVPE‘.HCWKSPWRSLYVVRDVZ—\VV A LGA AL RS
TaFAD3 - ---- A PAMRPE QNS CNT oioJH REY- - - - - 70
SbDES2 - ---- KMTQEREQEQQLARGASTMQRSPVETV 75
AtFAD2 ———-—-— RMPVPTSSEEKSEE----- TDTTKRVPCE KBRS V 70
SbDES 1 NIy - ----- 152
SbDES 3 Y- - - - - - - PLYWAVQGTMFWAFFVLGHDCGHGSFSDNMNTLNSVVGHLLHSFILMPYHGWRISHRTHHQNHG H ]
TaFAD3 WRAD------- S WA B PLYWAVQGTMFWAE‘VLGHDCGHGSFSDSTLNSVVGHLLH.FILVPYGWRISHRTHHQNHGH 143
SbDES 2 LI IPALPSPLHYRGNEIRGUT Alfelc vC F 155
AtFAD2 TNYFSLLPQPLEYLNIBRRGIINC ¥elC VL. TG I W 150
SbDES 1 223
SbDES 3 219
TaFAD3 214
SbDES 2 235
AtFAD2 229
SbDES 1 303
SbDES 3 299
TaFAD3 293
SbDES 2 313
AtFAD2 307
SbDES 1 VSDHGD QTD HHL N [licEH
SbDES 3 DHGDV QT DHHL N JCKE]
TaFAD3 372
SbDES 2 386
AtFAD2 383
SbDES 1 389
SbDES 3 390
TaFAD3 GDKWTGT D e 383

FIGURE 4. Sequence alignment of SbDES1, 2, and 3 with related plant FADs. Amino acid sequences were aligned using ClustalW. The three conserved
histidine motifs are indicated, and the predicted transmembrane domains denoted by dashed lines. Identical and similar amino acids are shaded with black and

gray, respectively. Abbreviations: AtFAD2, Arabidopsis thaliana FAD2 (GenBank™ accession number: AAM98321); TaFAD3, Triticum aestivum (GenBan

accession number: BAA28358).
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FIGURE 5. Phylogenetic analysis of SbDES1, SbDES2, and SbDES3 rela-
tives. The phylogram was generated using the neighbor-joining method as
implemented in PAUP ver 4.0b10. The bootstrap method was performed for
5000 pseudoreplicate data sets. Numbers shown at the tree forks indicate
frequency of occurrence among all bootstrap iterations performed.

min, raised to 200 °C at the rate of 1 °C/min, raised to 280 °C at
the rate of 5 °C/min and held at this temperature for 2 min. For
further confirmation of double bond positions, methyl esters
were converted into their 4,4-dimethyloxazoline (DMOX)
derivatives as previously described (32), except that the derivat-
ization reactions were performed at 170 °C for 15 h. DMOX
derivatives were analyzed by GC/MS using the same conditions
as described above for the analysis of fatty acid methyl ester
derivatives.

Isolation and Analysis of 9,12,15(9Z,127)-Hexadecatrienoic
Acid (16:3 FA) by GC/MS and Nuclear Magnetic Resonance
(NMR) Spectroscopy—The 16:3 fatty acid generated by yeast
cells overexpressing the SbDES2 and SHPDES3 cDNAs was
extracted with hexane and isolated by thin layer chromatogra-
phy using aluminum-backed silica F,, plates (10 X 20 cm?, 0.2
mm silica thickness; EM Science) impregnated with AgNOj,.
The silica gel plates were pretreated with a solution of 5%
AgNO,; in MeOH-H,0 (95:5, v/v), air-dried for 60 min, placed
in an oven at 80 °C for 16 h, and allowed to cool to room tem-
perature prior to use. Extracts were then applied to plates and
developed using CH,Cl,:ethyl acetate (88:12). The 16:3 fatty
acid migrated as a band of R, 0.12, which was scraped from the
plate, extracted with CHCI;, and then dried under a stream of
nitrogen. An aliquot was analyzed by GC/MS using the same
conditions as those described above for the yeast and plant
tissue extracts. The 16:3 fatty acid was further characterized by
'H NMR spectroscopy (Bruker DRX 400 UltraShield™ spec-
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trometer, XWIN-NMR Software Version 3.1; Bruker, Billerica,
MA). "H NMR (CDCl,): §5.80 (m, 1H, H-15); 5.30 (m, 4H, H-9,
10, 12, 13); 4.98 (br d, ] = 17 Hz, 1H, H-16a); 5.02 (br d, / = 10
Hz, 1H, H-16b); 4.90-5.01 (br dd, 2H, H-16); 3.71 (s, 3H,
OCH,;),2.78 (m, 4H, H-11, 14), 2.32-2.36 (m, 2H, H-2), 2.00 (m,
2H, H-8), 1.49 (m, 2H, H-3), 1.25-1.29 (m, 8H, H-4, 5, 6, 7).

RESULTS

Fatty Acid Composition Analyses in Sorghum Tissues—The
biosynthesis of the allelochemical sorgoleone is a multistep
process involving both plastidic and cytoplasmic enzymes (15,
16). One of the key steps is the formation of hexadecatrienoic
acid (16:3A%'>'%), an unsaturated fatty acid proposed to serve
as a precursor for the associated PKS in the pathway. To exam-
ine the presence and distribution of 16:2A%'*and 16:3A%'>'® in
S. bicolor, the fatty acid compositions of various tissues (mature
and immature leaves, stems, shoot apices, panicles, and whole
root systems) were analyzed (Fig. 2A4). The predominance of
palmitic (16:0), linoleic (18:2), and linolenic (18:3) acids was
observed in all sorghum tissues. Traces of 16:2 (peak at 27.0
min) and 16:3 (peak at 29.7 min) were observed in the chro-
matograms of extracted roots, as indicated by mass spectral
data (not shown); however the low levels for these peaks pre-
cluded their unequivocal identification. As sorgoleone is a
major component in the oily exudate droplets associated with
sorghum root hairs (13, 14), root hairs were also isolated and
analyzed for the presence of the precursor C, fatty acids. Two
peaks (corresponding to 16:2 and 16:3 fatty acid) were detected
in the lipid extracts (Fig. 2B) by GC/MS. The mass spectrum
(Fig. 2C) of the fatty acid methyl ester (FAME) corresponding to
the 16:2 peak (Fig. 2B) exhibited a prominent molecular ion at
m/z = 266.2, characteristic of a 16:2 methyl ester and identical
to that of methyl 9,12-hexadecadienoate, whereas the spectrum
of the second peak corresponding to 16:3 (Fig. 2B) had a molec-
ular ion at m/z = 264.1, and a fragmentation pattern consistent
with hexadecatrienoate possessing a terminal methylene (Fig.
2D). Collectively, these data identify the 16:3A%'* and
16:3A%'>1% fatty acids in root hairs, and furthermore, strongly
suggest that these precursors are primarily synthesized in root
hair cells.

Identification and Cloning of Fatty Acid Desaturases from
Sorghum—To identify the desaturases associated with the sor-
goleone biosythetic pathway, particularly those involved in the
terminal bond desaturation of C fatty acid, an EST data base
generated using a cDNA library prepared from isolated sor-
ghum root hair cells was mined. Data base mining was per-
formed both by using the Magic Gene Discovery software (33)
and by BLAST analysis. From these analyses, we identified 47
desaturase-like ESTs, which assembled into 11 unique contigs.
Quantitative real-time RT-PCR analysis showed that 3 of 11
unique desaturase sequences (suggested by clustering) were
preferentially expressed in root hair cells (Fig. 3). The corre-
sponding full-length cDNA clones were isolated using cDNA
prepared from root hair cells, and designated SODES1, SbDES?2,
and SbDES3. The protein sequences deduced from SbDES3 and
SbDESI were 90% identical to each other, and shared only
33.7% and 33.8% identity, respectively, with the sequence from
SbDES2. BLAST analysis of these protein sequences revealed
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FIGURE 6. GC/MS analyses of FAMEs prepared from yeast cells expressing S. bicolor desaturases, cultured in the presence and absence of exogenously
supplied fatty acids. A-C, gas chromatograms of FAMEs: (A), cells expressing SbDES2, cultured without exogenous fatty acids (inset: FAMEs prepared from
yeast transformed with empty vector pYES2); B, cells expressing SbDES3, cultured with exogenous linoleic acid (18:2A%'?); C, cells co-expressing SbDES2 and
SbDES3, cultured without exogenous fatty acids. D-F, mass spectra of corresponding fatty acids produced in transformed yeast cells: D, 16:2 fatty acid from
SbDES2-expressing cells; E, 18:3 fatty acid from SbDES3-expressing cells; F, 16:3 fatty acid from cells co-expressing SbDES2 and SbEDS3.

that both SbDES3 and SbDES1 exhibited significant similarity
to known plant fatty acid desaturase (FAD3-type) sequences,
and SbDES2 displayed a high degree of similarity to plant
FAD2-type sequences (34, 35). A previously isolated putative
desaturase clone from the S. bicolor X S. sudanense hybrid,
S$X17 (36), showed homology to the SbDES3 clone described in
this article. Based on comparisons to known FADs, the pre-
dicted protein sequences of all three cDNAs exhibited all of the
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major structural features possessed by FADs from other sys-
tems (34, 35), notably the predicted transmembrane domains
and three highly conserved histidine-rich motifs occurring in
most membrane-bound desaturases (Fig. 4). The conserved
histidine-rich motifs are believed to be required for fatty acid
desaturase activity (37).

These comparisons were further supported by phylogenetic
analyses (Fig. 5). SbDES2 was most closely related to members
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TABLE 1

Accumulation of fatty acid products in transformed yeast

Products were identified by GC/MS as fatty acid methyl ester derivatives (see
“Experimental Procedures”). For transgenic yeast harboring pYE2A (SbDES3),
exogenous linoleic acid (18:2A%'?) was supplemented in the culture medium. Values
are expressed as the mean percentage among detectable C,,—C, fatty acids.

Products accumulated

Gene
C16:2 C16:3 C18:3
SbDES2 4.4 (4.2, 4.5) ND“ ND“
SbDES3 ND“ ND~ 2.1(2.3,1.9)
SbDES2/3 43 0.3 1.6 =02 ND“

“ND, not detected.

of the plant microsomal FAD2-type desaturase subfamily
which, among those functionally characterized, typically
desaturate C,4/C, 4 acyl chains at the A'? position. In contrast,
both SbDES1 and SbDES3 were positioned within the group
corresponding to the plant microsomal FAD3-type desatu-
rases, which mainly catalyze the conversion of 18:2 to 18:3 in
phospholipids (38). For example, the closely related FAD3-like
enzymes from wheat and rice (GenBank™ accession nos.
BAA28358 and BAA11397 - Fig. 5) catalyze the conversion of
linoleic acid (18:2A%12) to linolenic acid (18:3A%1>1%) (39, 40).
Functional Characterization of FAD-like c¢DNAs in
S. cerevisiae—For functional characterization of the putative
FADs, vectors were engineered for heterologous expression in
S. cerevisiae. The complete ORFs for SbDES1, SbDES2, and
SbDES3, were cloned into the yeast expression vector pYES2,
resulting in the vectors pYE25B, pYE56D, and pYE2A, respec-
tively. Constructs were transformed into the S. cerevisiae strain
INVScl, and the resulting transformants were cultivated in the
presence and absence of exogenously supplied palmitic (16:0),
palmitoleic (16:1A%), oleic (18:1A%), linoleic (18:2A%'?), a-lino-
lenic (18:3A%%1%), or vy-linolenic acid (18:3A%%!2). As a con-
trol, strains harboring the empty pYES2 vector were cultured in
parallel. Following 48 h of incubation, the cells were harvested,
lipids were extracted, and fatty acid compositions were deter-
mined by GC/MS analysis of fatty acid methyl ester derivatives.
As expected, the fatty acid composition of yeast cells trans-
formed with the empty vector (pYES2) alone revealed a simple
profile consisting of the four predominant fatty acids (16:0,
16:1A%,18:0, and 18:1A%) typically found in wild-type yeast (Ref.
41; Fig. 6A, inset). Expression of SbDESI in yeast cells yielded no
additional peaks, regardless of whether or not fatty acids were
exogenously provided (not shown). In contrast, expression of
SbDES?2 resulted in the appearance of one additional peak with
a retention time of 27.26 min under all culture conditions,
which accounted for ~4.4% of the total cellular fatty acids when
exogenous fatty acids were not provided (Fig. 64 and Table 1).
This peak was identified as 16:2A%'? by mass spectral analysis
(Fig. 6D), suggesting that endogenous palmitoleic acid (16:1A°)
served as substrate for SbDES2. The fragmentation pattern of
the mass spectrum obtained (Fig. 6D) was identical to one pre-
viously published for 16:2A%'2, and was further confirmed by
GC/MS analysis of 2,4-dimethyloxazoline (DMOX) derivatives
(Fig. 7A). SbDES2 exhibited no detectable A linoleate desatu-
rase activity, despite the presence of significant endogenous
amounts of oleic acid (Fig. 64, inset). Of particular significance
was the observation that the mass spectrum of the 16:2A%'2
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FAME (Fig. 6D) was also identical to that of the 16:2 fatty acid
extracted from sorghum root hairs (Fig. 2C).

When additional fatty acids were not provided, expression of
SbDES3 in yeast yielded no new products. Only strains express-
ing SbDES3 cultivated in the presence of exogenously supplied
linoleic acid (18:2A%'?) produced an additional peak, with a GC
retention time of 41.15 min, and accounted for ~2.1% of the
total cellular fatty acids (Fig. 6B and Table 1). This peak was
identified as a-linolenic acid (18:3A%'%*%), based on the com-
parison of the FAME mass spectrum (Fig. 6E) to that of authen-
tic standards, as well as GC/MS analysis of the corresponding
DMOX derivatives (Fig. 7B). Collectively, these results suggest
that the preferred substrates for SbDDES2 and SbDES3 differed,
and were 16:1A° and 18:2A%'? fatty acids, respectively, under
these experimental conditions.

Co-expression of SbDES2 and SbDES3 in S. cerevisiae Results
in the Production of a 16:3 Fatty Acid Containing a Terminal
Double Bond—As discussed above, expression of SbDES2 in
yeast resulted in the production of 16:2A%'? fatty acid, a pro-
posed precursor to the 16:3A%'>'> starter unit used by PKSs
associated with the sorgoleone biosynthetic pathway (15, 16).
Given the ability of SbDES3 to catalyze the formation of a-lin-
olenic acid (18:3A%"%') from linoleic acid (18:2A%'?), we pos-
tulated that this 16:2 fatty acid would serve as a substrate for
SbDES3. To test this hypothesis, yeast cells simultaneously
expressing both fatty acid desaturases were engineered. Co-
expression of SbDES2 and SPDES3 in yeast resulted in the
appearance of a new peak with a retention time of 29.4 min (Fig.
6C) and parent ion mass of 264 (Fig. 6F), in addition to the 16:2
peak detected following expression of SbDES?2 alone (Fig. 6A).
The ion fragments observed in the corresponding mass spec-
trum were consistent with the fragmentation of a 16:3 fatty acid
possessing a terminal double bond (Fig. 6F and compare with
Fig. 2D). Moreover, the mass spectrum for the DMOX deriva-
tive (Fig. 7C) was identical to recently reported mass spectral
data for 16:3A%'>'5 (42). Similar results were obtained when
exogenous palmitic (16:0), palmitoleic (16:1A%), oleic (18:1A%),
a-linolenic (18:3A%'%>'%), or y-linolenic acid (18:3A%%'%) were
supplemented to the media, and as expected, a peak corre-
sponding to 18:3A%'>'* (Fig. 6, B and E) was also observed in
addition to the 16:2 and 16:3 peaks when linoleic acid
(18:2A%') was provided (data not shown).

To further confirm the identity of the putative 16:3A%'*'°
fatty acid, the corresponding FAME was isolated by preparative
TLC, and NMR spectroscopy was performed. The resulting
GC/MS profile of the product isolated by TLC was consistent
with that of the FAME peak observed in the initial experiments
(Fig. 6C). The "H NMR chemical shifts of this isolate confirmed
the presence of terminal methylene protons (64.98,brd,J = 17
Hz, 1H, H-16a; 5.02 br d, ] = 10 Hz, 1H, H-16b) and the three
double bonds (8 5.80, m, 1H, H-15; 6 5.30, m, 4H, H-9, 10, 12,
13) separated by methylene groups (6 2.78, m, 4H, H-11, 14) (6,
10). Importantly, the results of these analyses reveal that sor-
ghum SbDES3 catalyzes the conversion of 16:2A%'> to the
unusual 16:3A%'>> fatty acid, which possesses a terminal dou-
ble bond.
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DISCUSSION

A unique feature of the chemical structure of the allelo-

300 m/z

FIGURE 7. Mass spectra of 16:2, 18:3, and 16:3 DMOX derivatives prepared from yeast cells expressing S. bi-
color desaturases. A, 16:22 DMOX derivative from cells expressing SbDES2; B, 18:3 DMOX derivative from cells

in the aliphatic side chain, which has
generated significant interest in the
investigation of the sorgoleone bio-
synthetic pathway. In the present
work, we have identified two fatty
acid desaturases from sorghum
(S. bicolor genotype BT X623) that
catalyze consecutive desaturation
steps on a 16:1 fatty acid precursor:
a A'? desaturase (SbDES?2) that con-
verts cis-palmitoleic acid (16:1A%) to
hexadecadienoic acid (16:2A%'?),
and a A'® desaturase (SbDES3) that
is capable of catalyzing the forma-
tion of a terminal double bond on a
16:2A%'? fatty acid, yielding the
16:3A%'>'> precursor from which the
aliphatic side chain of sorgoleone
originates (15, 16).

Of'the three fatty acid desaturases
preferentially expressed in root hair
cells, both SbDES2 and SbDES3
exhibited activity in the heterolo-
gous yeast expression system used
in the present work. SbDES1 exhib-
ited no detectable activity, although
it shares 89.7% identity and 92%
similarity with SbDES3 at the amino
acid level, and was also positioned
within the same clade (correspond-
ing to A'®>-desaturases) by phyloge-
netic analysis (Fig. 5). The reason for
this apparent lack of SbDES1 activ-
ity in transformed yeast is at present
not clear, however, the functional-
ity could potentially be improved
through the use of an alternative
host system, as previously observed
in the case of CvFAD3 from C. vul-
garis (43). Initial expression of
CvFAD3 in yeast did not yield the
expected product linolenic acid in
these studies; however, activity
was subsequently obtained by
expressing the ¢cDNA in trans-
genic tobacco plants. The authors
postulated that the lack of activity
using the vyeast system could
potentially be because of transla-
tional repression, or alternatively,
aberrant targeting to a cellular
compartment where the catalytic
activity was hindered or the appro-
priate substrates were unavailable.
Although in the present work

desaturation of the terminal carbon-carbon bond of 16:2A%1?

fatty acid by SbDES3 was achieved via co-expression with

chemical sorgoleone is the presence of a terminal double bond  SbDES2 in yeast cells, because of the low A'°-desaturation
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activity on linoleic acid (18:2A%'?) (Fig. 6B) and the potentially
limited availability and/or accessibility of the hexadecadeinoic
acid (16:2A%1?) substrate in vivo, it is difficult to infer the rela-
tive activity of SbDES3 for omega-3 versus terminal desatura-
tion from the present data. The preference of the enzyme for
16:2 versus 18:2 substrates in planta is also unclear at the pres-
ent time. The observation of relatively high levels of 18:3 fatty
acids in all sorghum tissues analyzed (Fig. 2), combined with the
real-time RT-PCR results indicating that SODES3 transcripts
accumulate predominantly in root hairs (Fig. 3), suggests that
FAD3-type enzymes other than SODES3 are responsible for the
majority of linoleic acid (18:3) biosynthesis occurring in sor-
ghum. However, as SbDES3 protein levels were not determined
in the present work, the possibility cannot be excluded that
sufficient SbDES3 activity exists in tissues other than root hairs
which could account, at least in part, for the observed linoleic
acid levels (Fig. 2).

Currently available evidence indicates that the biosynthesis
of sorgoleone initiates with the formation of an unusual
16:3A%'>1'? fatty acid, which serves as the starter molecule for a
polyketide synthase activity which yields an alkylresorcinol
intermediate possessing a 15-carbon aliphatic side chain. The
identification of an abundant pool of 16:3 free fatty acids spe-
cifically in sorghum root hairs is consistent with the hypothesis
that the 16:3 fatty acid serves as the biosynthetic precursor, and
that sorgoleone biosynthesis is restricted to this cell type. This
notion is further supported by the recent isolation of cDNAs
from S. bicolor (genotype BT X623) encoding polyketide syn-
thases capable of catalyzing the formation of 5-pentadecatrie-
nyl resorcinol from 16:3 fatty acid and malonyl-CoA in vitro,
which are also preferentially expressed in root hair cells at the
steady-state mRNA level.”

In the majority of plant species analyzed, substantial
amounts of 16:3 fatty acids esterified to galactolipids accumu-
late in leaves, generally possessing a A”**'? configuration (44,
45). It would therefore be of considerable interest to investigate
the effects of fatty acids possessing terminal methylene groups
within a biological context, given that polyunsaturated fatty
acids not only are essential components of cellular membranes,
but also influence physiological processes critical to plant sur-
vival such as tolerance to cold temperature extremes (46).
Expression of an Arabidopsis w-3 fatty acid desaturase gene
(Fad?) in transgenic tobacco, for example, increased the level of
trienoic acids (16:3 and 18:3) considerably and led to a dramatic
enhancement in cold tolerance, associated with an increase in
photosynthetic capacity at low temperatures. Experiments
designed to study the physiological effects of producing a fatty
acid with a terminal double bond in transgenic Arabidopsis and
S. bicolor plants via overexpression of SODES2 and SbDES3 are
currently underway in our laboratory.

An important caveat concerning assigning functions to novel
desaturases based on heterologous expression data, is that
desaturase functionality can be significantly affected by the
metabolic context of the host cells (47). Additionally, the pres-
ence of highly active acyltransferases in yeast render the deter-

7 D.Cook, F.E.Dayan, A. M. Rimando, N. P. D. Nanayakkara, Z. Pan, J. Schréder,
M. Fishbein, S. O. Duke, and S. R. Baerson, manuscript in preparation.
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mination of the precise form of the substrate utilized in vivo
(acyl-CoA versus lipid-linked) less than straightforward (dis-
cussed in Domergue et al., 26). Nevertheless, the demonstra-
tion in the current work that: 1) co-expressed SbDES2 and
SbDES3 sequentially catalyze the conversion of 16:1A? fatty
acid to the atypical 16:3A%'>'° fatty acid in yeast, 2) 16:3A%'>1°
is almost exclusively found in sorghum root hairs where
SbDES2 and SHDES3 are highly and predominantly expressed
(Figs. 2 and 3), combined with, 3) previous studies demonstrat-
ing the likelihood that 16:3A%'>'®> CoA ester serves as the pre-
cursor for the allelopathic benzoquinone sorgoleone (15, 16)
for which biosynthesis occurs predominantly or exclusively in
root hair cells (13, 14), collectively provide compelling evidence
that SbDES2 and SbDES3 represent key enzymes in sorgoleone
biosynthesis. Gene knock-out approaches with transgenic sor-
ghum plants, which will be pursued in our future studies, could
provide unequivocal evidence for their involvement in this
pathway.

The identification and functional characterization of
SbDES3 extends the range of outcomes that have been ascribed
to the FAD3 family of enzymes, to which can now be included
the capacity to desaturate the terminal carbon-carbon bond in a
16:2A%'2 fatty acid. Furthermore, the characterization of both
SbDES2 and SbDES3 provides promising new tools for eluci-
dating the regulatory mechanisms governing allelochemical
interactions in plants, for which there is currently a paucity of
information. Efforts by our laboratory to identify genes encod-
ing the remaining enzymes required for sorgoleone biosynthe-
sis are ongoing, to facilitate metabolic engineering experiments
in transgenic S. bicolor plants targeting this pathway.
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